Introduction 24 Up to one-third of all proteins is secreted or expressed in cellular or organelle membranes (Chen, 25 Karnovsky, Sans, Andrews, & Williams, 2010; Wallin & Heijne, 2008 ). These proteins have been 26 translocated into the endoplasmic reticulum (ER) during or after their translation. Translocation of 27 newly translated proteins into the ER is facilitated by the SEC61 complex, which consists of a 28 multimembrane-spanning SEC61α-subunit associated with smaller SEC61β and -γ subunits ( Translocation of proteins into the ER can occur either co-or post-translationally (Rapoport, 2007; 34 Zimmermann, Eyrisch, Ahmad, & Helms, 2011). The canonical co-translational route is well established 35 in both yeast and mammalian cells. During translation of a signal peptide, the signal recognition 36 particle (SRP) binds the translating ribosome and guides it towards the SRP receptor at the ER 37 membrane. The SRP receptor subsequently interacts with SEC61α, such that the nascent chain is 38 translocated over the ER membrane as translation continues (Song, Raden, Mandon, & Gilmore, 2000) . 39
Lateral opening of the SEC61 complex allows for release of translated transmembrane domains(A. E. 40 6 factors Ufd1 and Npl4, yields a minor and transient HLA-I rescue phenotype due to lethality of the 121 knock-out cells and hence loss of the phenotype over time ( fig. 2A ). By contrast, measuring the SEC61-122 edited cells over time showed that the HLA-A2 rescue phenotypes were apparent for at least 28 days 123 ( fig. 2B ), although the effect waned after a peak at 11-14 days post-transduction. The phenotype also 124 seemed specific to the HCMV protein US2, as the activity of another ERAD-inducing HCMV protein, 125 US11 , was not sensitive to SEC61 editing ( fig. 2C) , with the exception of 126 SEC63. 127 128 Stable mutant cell lines can be generated for all SEC61 components 129 Since the HLA-I rescue phenotype in SEC61 knock-out cells declined at later timepoints ( fig. 2B ) we 130 next assessed whether this was caused by cell death due to SEC61 subunit knockout, or by a growth 131 disadvantage of the mutant cells over non-targeted cells in the polyclonal cell population. In the latter 132 case, clonal cell lines with a SEC61 mutation might survive long-term and enable us to study their 133 effect on US2 functioning. For this we sorted single HLA-A2 high cells from the polyclonal SEC61/62/63 134 mutant populations by FACS and allowed these to grow out. We were able to establish clonal lines 135 that displayed stable rescue of HLA-I ( fig. 3A ). CRISPR/Cas9-induced mutations in these clonal cell lines 136 were assessed by sequencing the sgRNA target regions (table S1). The majority of the clones showed 137 in-frame indels in one or both alleles (table S1 and fig. S1), although full genetic knock-outs of SEC61β, 138
SEC61γ and SEC62 were selected with out-of-frame deletions in both alleles. For each SEC61/62/63 139 subunit, two clones were selected for further characterization (marked with '1' and '2' in fig. S2 ). All 140 clones showed stable rescue of HLA-A2 ( fig. 3A) , although some displayed a decline in growth rate 141 (data not shown). 142 143 SEC61/62/63 cDNAs revert the HLA-I rescue phenotype of mutant clones 144 To ascertain that the HLA-I rescue phenotypes we observed were specific to the SEC61/62/63 genes 145 that were edited, we expressed sgRNA-resistant cDNAs of the respective genes in the clonal mutant 146 7 lines and assessed HLA-I levels by flow cytometry. HLA-I rescue phenotypes as well as growth defects 147 were reverted by supplementing with either wildtype or StrepII-tagged cDNAs of the genes that were 148 knocked out ( fig. 3B ). Expression of the cDNAs was confirmed in Western blot ( fig. 3C ). In clonal cell 149 lines with a SEC61β, SEC62 or SEC63 mutation, the respective proteins were not detectable by 150
Western blot, suggesting that gene-editing resulted in a full knockout of protein expression. The 151 respective cDNAs could be readily detected when these were introduced. We did not observe a change 152 in SEC61α expression in the mutant clones. To be able to detect the expression of the cDNA that was 153 added, we tagged this cDNA with an additional HA-tag. The lack of phenotype on the SEC61α protein 154 level may be due to the in-frame mutations we identified in the two isolated clones (table S1). Besides 155 the two in-frame SEC61α1-edited genes, we did isolate out-of-frame clones, but these cells were 156 unstable and died within a few weeks (data not shown). This suggests that SEC61α1 is essential for 157 cell survival, which is in agreement with RNAi studies reported previously(Lang et al., 2012). We were 158 unsuccessful to reliably detect SEC61γ by Western blot. Therefore, a StrepII-HA-tagged cDNA was used 159 to detect the SEC61γ cDNA via its HA-tag, similar to the approach used for SEC61α1. Expression of all 160 cDNAs was confirmed in Western blot. 161
162
Genetic editing specifically affects protein expression of the targeted SEC61/62/63 163 component 164 We also tested whether the stability of non-targeted subunits was destabilized by CRISPR/Cas9-165 mediated editing of single subunits, as we hypothesized that the incomplete and potentially aberrantly 166 assembled SEC61/62/63 may be recognized by protein quality-control mechanisms. As we did not 167 assess the interactions between the SEC61/62/63 subunits, we cannot distinguish between 168 disintegration of the SEC61/62/63 complex and the stabilization of independent subunits. We do 169 however observe that protein expression of non-targeted subunits remains intact, suggesting that the suggests that the HLA-I rescue phenotypes are caused by a defect in US2 expression, rather than 180 impaired ERAD functioning. Preliminary data suggest that a similar reduction in expression of mature 181 US2 can be observed for the other clones (data not shown). The low baseline expression level of US2, 182 even in control cells that were not targeted by CRISPR/Cas9, posed a technical difficulty that did not 183 allow for validating the US2 expression in the other mutant clones. Expression of the transferrin 184 receptor, another transmembrane protein that is translocated by the SEC61 complex, is not affected 185 in our mutant clones, suggesting that this translocation defect is not a general phenomenon. 186
187
The signal peptide determines susceptibility of US2 to SEC61/62/63 editing 188 To be able to detect US2 more effectively, we designed a panel of HA-tagged US2 constructs with 189 engineered signal sequences (figs. 5A, S3 and S4). As a non-glycosylated US2 has been 190 described (Gewurz et al., 2002; Wiertz, Tortorella, et al., 1996) , potentially arising from inefficient 191 translocation, and as the signal sequence of a protein influences its translocation efficacy (Kim, Mitra, 192 Salerno, & Hegde, 2002), we tested the US11-and CD8 leader peptides (US11L and CD8L) alongside 193 the original US2L. 194
First, we tested whether the different US2 variants were able to downregulate the HLA-A2-eGFP 195 construct. All US2 variants were equally able to strongly downregulate HLA-A2-eGFP, as was assessed 196 by flow cytometry ( fig. 5B ). We next transduced these US2-expressing cells with SEC61/62/63-targeted 197 9 CRISPR sgRNAs ( fig. 5C ). Overlays of the flow cytometry data from cells with (red) and without (blue) 198 sgRNAs show that only US2L-expressing US2 variants show significant HLA-A2-eGFP rescue upon 199 SEC61/62/63 editing, whereas US2 with a CD8 or US11 leader sequence did not. This phenotype was 200 most pronounced when targeting SEC61α1, SEC62 and SEC63. In control cells lacking US2, a minor 201 reduction of HLA-I expression is observed only upon sgRNA-targeting of SEC61α1 and SEC61γ ( fig. 5C , 202 top panels), suggesting that HLA class I expression is also slightly hampered in these cells. 203 204 US11 requires functional SEC61/62/63 upon transfer of the US2 signal peptide 205 We also tested these different signal peptides fused to the HA-tagged HCMV protein US11, which was 206 not sensitive to SEC61/62/63 editing ( fig. 2C ). To be able to compare the panel of US2 variants to US11, 207 we stably expressed a non-tagged HLA-A2 molecule in U937 cells using lentiviral transduction, as the 208 C-terminal eGFP-tag on the HLA-A2-eGFP construct renders it insensitive to US11-mediated 209 degradation(Cho, Kim, Ahn, & Jun, 2013). We subsequently introduced the various HA-tagged US2 and 210 US11 variants and assessed their potential to downregulate HLA-A2 by flow cytometry ( fig. 6A ). All 211 US2-and US11 variants were able to downregulate HLA-A2, with US11L-and CD8L-HA-US11 being the 212 most potent ( fig. 6A ). We observed strong signal peptide-specific differences in the expression levels 213 of the US2-and US11 variants ( fig. 6B ), which show an inverse correlation with the magnitude of HLA-214 I downregulation. Subsequently, sgRNAs targeting the SEC61/62/63 subunits were introduced in the 215 six US2-or US11-expressing cell lines, and HLA-A2 expression was assessed by flow cytometry. To be 216 able to compare between cell lines, HLA-A2 rescue was normalized to that in sgRNA-targeted TRC8 217 (for US2) or TMEM129 (for US11) cells, which were used as positive controls. The US2 variants showed 218 an HLA-A2 rescue pattern that was similar to that observed for the HLA- The characterization of the mutant clones allows us to hypothesize how they affect US2 translocation. 242
For the SEC61α1 clones, the mutations are in the cytosolic loop between transmembrane domains 6 243 and 7. Crystallography studies suggest that the residues deleted in our cell lines would normally 244 interact with the ribosome(Voorhees, Fernández, Scheres, & Hegde, 2014), which in our cells might 245 lead to a co-translational translocation defect due to disturbed ribosome interaction. Because SEC61α 246 comprises the actual translocation channel and a full translocation block may be lethal to any cell, we 247 11 hypothesize that the SEC61α1 mutations must have a mild effect on translocation. By contrast, SEC61β 248 is not essential in yeast (Finke et al., 1996; Görlich & Rapoport, 1993) . In line with this, we have been 249 able to create clonal full knockouts of SEC61β. However, SEC61β's non-essential role in translocation 250 suggests that translocation could still occur in our knock-out cells. We also confirmed the previously 251 reported interaction between SEC61β and US2 (Wiertz, Tortorella, et al., 1996) sub-optimal codons and positive charge in the n-region of its signal peptide make US2 a potential 294 substrate for post-translational translocation. 295
296
As post-translational translocation is mediated by SEC62 and SEC63, it was interesting to observe a 297 strong reduction of US2 expression upon CRISPR/Cas9-mediated editing of these genes. In mammalian 298 13 cells, post-translational translocation is described mainly for protein substrates smaller than 100 299 amino acids, with 120-160-residue proteins translocation co-translationally albeit in an inefficient 300 manner, with SEC62-mediated translocation as a backup mechanism(Lakkaraju et al., 2012). Its 199-301 amino acid size makes US2 an unlikely candidate for SEC62/SEC63-mediated post-translational 302 translocation. It would however be interesting to test whether its sub-optimal signal peptide directs 303 US2 towards post-translational translocation. A similar phenomenon has been described for 304 preprolactin, a 227-residue model protein for SRP-mediated co-translational translocation. When the 305 preprolactin signal peptide was mutated, such that it was translocated less efficiently, it suddenly 306 Immunoblotting 499 Cells were lysed in Triton X-100 lysis buffer (1% Triton X-100 in TBS, pH 7.5) containing 10 μM 500 Leupeptin (Roche) and 1 mM Pefabloc SC (Roche). Lysates were spun down at 18,000g for 20 min at 4 501 °C to remove cellular debris. After addition of Lämmli sample buffer containing DTT, lysates were 502 boiled 5 min at 95 °C and stored at -80 °C until use. SDS-PAGE was performed on 12% polyacryl-amide 503 gels, after which the proteins were transferred to a PVDF membrane (Immobilon-P, Millipore). Primary 504 antibodies were incubated overnight at 4 °C in 1% milk. The secondary antibodies were incubated for 505 1 hour at room temperature. Each antibody was washed off three times in PBS-T (PBS containing 506 0.05% Tween20 (Millipore)). Protein bands were detected by incubation with ECL (Thermo Scientific 507 Pierce) and exposed to Amersham Hyperfilm ECL films (GE Healthcare). 508 509 
Co-immunoprecipitation
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